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generations	of	exposure	 to	 the	Chernobyl	environment	has	 significantly	altered	ge-
netic	 diversity	 of	 the	mitochondrial	 genome.	Using	deep	 sequencing,	we	 compared	
mitochondrial	 genomes	 from	 131	 individuals	 from	 reference	 sites	 with	 radioactive	
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1  | INTRODUCTION
It	 is	well	 documented	 that	high	doses	of	 acute	 radiation	 cause	mu-
tations	 with	 frequent	 negative	 genetic	 and	 health	 consequences	
(Hallahan,	Spriggs,	Beckett,	Kufe,	&	Weichselbaum,	1989;	Hong	et	al.,	
1995;	 Little,	 Nagasawa,	 Pfenning,	 &	 Vetrovs,	 1997;	 Morgan,	 Day,	
Kaplan,	McGhee,	&	Limoli,	1996;	Müller	et	al.,	1996;	Tucker,	Cofield,	
Matsumoto,	 Ramsey,	 &	 Freeman,	 2005;	Ward,	 1995).	What	 is	 not	






est	 human	 fears	 is	 that	 exposure	 to	 radiation	may	 result	 in	 genetic	
mutations	that	will	result	in	birth	defects	and	compromised	health	in	
future	 generations.	 Because	 environments	which	 have	 suffered	 nu-
clear	 disasters	 exhibit	 significant	 levels	 of	 radiation	 for	 hundreds	of	



























and	 fecundity	 (Chesser	 et	al.,	 2000,	 2001).	Thus,	 animals	 as	 part	 of	




genome	are	 less	complex	 than	 those	present	 in	 the	nucleus	 (Kazak,	
Reyes,	&	Holt,	2012),	and	an	 increased	mitochondrial	mutation	 rate	
relative	to	the	nucleus	 is	a	consistent	mammalian	characteristic.	For	
example,	 nucleotide	 excision	 repair	 is	 thought	 to	 be	 absent	 from	
mitochondria,	while	it	 is	not	entirely	clear	if	mismatch	repair	is	pres-
ent	 (Shaughnessy	 et	al.,	 2014).	 Double-	strand	 break	 repair	 (DSBR)	














2  | MATERIALS AND METHODS
Sampling	strategy	 included	 two	 time	points	and	 five	 localities	 sam-
pled	at	each	time	point	(Table	1).	Localities	consisted	of	two	contami-
nated	localities	and	three	uncontaminated	localities.	Average	sample	
size	 per	 locality-	time	 point	was	 13,	 and	 total	 sample	 size	was	 131	
individuals.	 Total	 genomic	 DNAs	were	 isolated	 from	muscle	 tissue	




ufacturer’s	protocol	 for	 isolating	DNA	 from	animal	 tissues.	Nuclear	
DNA	integrity	was	verified	using	1%	agarose	gel	electrophoresis	and	





into	 individual	 barcode	 shotgun	 sequencing	 libraries	 using	 Illumina	
TABLE  1 Samples	sizes,	coordinates	
and	doses	across	localities	and	time	points
Locality N, 1998 N, 2011 Coordinates
Av, absorbed dose 
(2011; microGy/day)
Contaminated
Red	Forest 20 17 51.28302,	30.06140 6,670
Glyboke	Lake 15 3 51.44603,	30.06645 1,835
Uncontaminated
Nedanchychy 11 12 51.49533,	30.64636 3.8
Nezamozhnya 12 12 51.58829,	30.85155 2.6
Oranoe 15 14 51.04747,	30.16034 6.9
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TruSeq	 DNA	 Sample	 Preparation	 v2	 kits	 (Illumina,	 San	 Diego,	 CA)	
and	 shearing	with	 a	Covaris	 S-	Series	 instrument	 (Covaris,	Woburn,	
MA)	 for	 60	s	 to	 produce	 median	 insert	 sizes	 of	 380	bp.	 Libraries	










A	pilot	 analysis	 of	11	 individuals	 distributed	 across	 sampling	 lo-
calities	was	 initially	 used	 to	 generate	 a	 reference	M. glareolus	mito-
chondrial	 genome.	 Reads	 for	 these	 individuals	 were	 aligned	 to	 the	
closest	phylogenetic	relative	with	a	published	mitochondrial	genome	

























Doallo,	&	Posada,	2012).	Patterns	of	variation	 for	 each	gene	 region	














levels	 of	 genetic	 diversity	 among	 locality-	time	 points.	The	 statistics	
TABLE  2 Distribution	of	variation	across	mitochondrial	genes/regions
Gene Size (bp) Variable sites Divergence Synonymous Nonsynonymous ω
tRNAs 1,450 25 1.72% — — —
12S 948 16 1.69% — — —
16S 1,571 22 1.40% — — —
ND1 960 46 4.79% 41 5 0.07
ND2 1,035 45 4.35% 36 9 0.08
COI 1,545 49 3.17% 47 2 0.01
COII 684 17 2.49% 17 0 0
ATP8 204 5 2.45% 4 1 0.12
ATP6 681 22 3.23% 16 6 0.15
COIII 784 33 4.21% 27 6 0.08
ND3 348 11 3.16% 8 3 0.24
ND4L 297 8 2.69% 6 2 0.15
ND4 1,378 60 4.35% 50 10 0.08
ND5 1,812 70 0.59% 50 20 0.15
ND6 525 11 2.10% 9 2 0.08
CytB 1,144 23 2.01% 20 3 0.08
D-	Loop 988 32 3.24% — — —
Total	(T)/Average	(A) 16,354	(T) 495 (T) 2.8%	(A) 331 (T) 69	(A) 0.10	(A)
4  |     BAKER Et Al.
calculated	were	(i)	the	number	of	haplotypes	serving	as	a	basic	mea-
sure	of	genome	diversity;	(ii)	the	number	of	polymorphic	sites	serving	



















To	 further	 identify	 any	 effects	 on	 locality-	specific	 statistics	 by	
sampling	 error	 the	 most	 common	 haplotype	 in	 the	 overall	 popu-
lation	 (15.3%	 of	 the	 sample)	was	 removed	 from	 the	 data	 set,	 and	
population	genetic	statistics	mentioned	above	were	recalculated	for	
each	 locality-	time	 point.	 In	 addition,	 because	 sample	 size	was	 the	
largest	 for	 Red	 Forest	 1998,	 the	 total	 sample	 at	 this	 locality-	time	
point	(n	=	20)	was	randomly	subsampled	to	the	average	locality-	time	
point	 sample	 size	 (n	=	13)	 through	 100	 iterations,	 and	 number	 of	
polymorphic	 sites	 and	 gene	 diversity	 estimates	were	 recalculated.	
Following	Shapiro–Wilk’s	tests	for	normality,	permuted	subsampling	




drial	genome	alignment	of	16,304	bp	 (Table	2,	Table	S2).	 In	order	 to	
quantify	the	distribution	of	variation	across	gene	regions	the	partition-






of	 radiation	 and	 absorbed	 doses	 experienced	 by	M. glareolus	 in	 the	
Chernobyl	environment	are	not	expected	to	 induce	clustered	oxida-
tive	lesions	that	tend	to	result	in	strand	breaks	and	deletion	mutations,	
but	 rather	 point	mutations	 as	 has	 been	 observed	 in	 some	 previous	
studies	 examining	 low-	dose	 radiation	 exposures	 including	 chronic	
exposures	(Forster,	Forster,	Lutz-	Bonengel,	Wollkomm,	&	Brinkmann,	
2002;	Schwartz,	Jordan,	Sun,	Ma,	&	Hsie,	2000).	A	predominance	of	
synonymous	 substitutions	was	 reflected	 in	SLAC	estimated	mean	ω 
for	gene	regions	which	ranged	from	0	to	0.24	(Table	2).	No	evidence	
of	 positive,	 negative	 or	 episodic	 directional	 selection	was	 identified	
through	 any	 analysis	 (p > .05).	 Comparison	 of	 average	 substitutions	
per	 site	 estimated	 for	 contaminated	 and	 uncontaminated	 locali-
ties	across	 the	entire	mitochondrial	genome	resulted	 in	significantly	
greater	substitutions	per	site	at	contaminated	localities	as	compared	
to	uncontaminated	 localities	 (t	=	4.08,	 two-	tailed	p < .05,	Effect	 size	
(d)	=	2.64).	 Similar	 comparisons	 for	 each	 gene	 revealed	 apparently	
TABLE  3 Population	genetic	summary	statistics	for	each	locality-	time	point
Locality/Year Haplotypes Polymorphic Sites Gene Diversity π Tajima’s D
Contaminated
Red	Forest	1998 13 (0.65) 216 (10.8) 0.94 (0.03) 44.29 (20.05) −1.14	(0.11)
Red	Forest	2011 12 (0.71) 175 (10.29) 0.96 (0.03) 37.23 (17.05) −1.21 (0.10)
Glyboke	Lake	1998 11 (0.73) 174 (11.6) 0.95 (0.04) 44.88 (20.63) −0.72	(0.25)
Glyboke	Lake	2011 — — — — —
Uncontaminated
Nedanchychy 1998 4 (0.36) 85 (7.73) 0.60 (0.15) 24.98 (11.9) −0.68	(0.25)
Nedanchychy 2011 3 (0.25) 59 (4.92) 0.73 (0.06) 28.71 (13.53) 2.14	(~1)
Nezamozhnya	1998 7 (0.58) 116 (9.67) 0.86 (0.08) 39.02 (18.26) 0.06 (0.59)
Nezamozhnya	2011 6 (0.5) 120 (10) 0.76 (0.12) 36.54 (17.13) −0.39	(0.37)
Oranoe 1998 9 (0.6) 136 (9.07) 0.90 (0.05) 36.28 (16.74) −0.6	(0.33)
Oranoe 2011 6 (0.43) 110 (7.86) 0.79 (0.09) 31.15 (14.48) −0.46	(0.34)
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higher	mean	substitutions	per	site	 for	contaminated	 localities	 for	all	







To	 further	quantify	differences	 in	genetic	variation	across	 locali-
ties,	a	series	of	population	genetic	measures	and	statistical	tests	were	
evaluated	 (Table	3).	 Consistent	with	 the	 hypothesis	 of	 a	 genetic	 ef-






(t	=	2.97,	p < .02,	U	=	0,	p < .03,	d = 2.46),	polymorphic	sites	(t	=	2.36,	
p < .05,	U	=	0,	p < .03,	d = 1.93)	and	genetic	diversity	(t	=	2.79,	p < .03,	
U	=	0,	 p < .03,	 d = 2.35)	 at	 contaminated	 localities	 as	 compared	 to	
Sample comparison Contrast





Haplotypes 0.70 vs. 0.45 2.95 (<.02) <0.03
Polymorphic	sites 10.9 vs. 8.2 2.37 (<.05) <0.03
Genetic	diversity 0.95 vs. 0.77 2.73 (<.03) <0.03
1998 vs. 2011
Haplotypes 0.59 vs.0.47 1.06 (<.33) <0.42
Polymorphic	sites 9.8 vs. 8.3 1.13 (<.47) <0.56


















taminated	localities	would	be	required	to	obtain	significance	at	p = .05 
and	power	(1−error	probability)	=	0.8.
To	detect	effects	stemming	from	the	spatial	distribution	of	genetic	
variation	 on	 locality-	time	 point	 sampling	 error,	 the	 most	 common	
haplotype	 (Figure	1)	was	 removed,	 and	 population	 genetic	 statistics	
were	 re-	evaluated.	 These	 tests	 resulted	 in	 similar	 statistical	 results	
to	 those	 obtained	 from	 analysis	 of	 the	 full	 data	 set	 (Table	 S5).	The	
locality-	time	point	with	the	largest	sample	size	(Red	Forest	1998)	was	
further	evaluated	as	an	additional	measure	to	estimate	any	influence	
of	 locality-	time	point	 sample	sizes	on	statistical	 results.	A	permuted	
subsampling	of	 this	 locality-	time	point’s	 sample	 size	 (n	=	20)	 to	 that	














the	mitochondrial	genome	comparisons	 in	 this	study	are	 the	 first	 to	
detect	a	statistically	significant	difference	 in	 the	genetic	diversity	of	
a	native,	resident	mammalian	species	encountering	multigenerational	
chronic	 exposure	 to	 radiation	 in	 any	 contaminated	 environment	
(Matson	 et	al.,	 2006;	Møller,	 ErritzøE,	 Karadas,	 &	Mousseau,	 2010;	
Møller	&	Mousseau,	 2006).	 Patterns	 indicate	 that	multigenerational	
low-	dose	 radiation	 exposure	 has	 increased	 the	mitochondrial	muta-
tion	rate	in	this	species	in	contaminated	localities	examined	thus	far.	
Because	populations	were	most	likely	extirpated	in	the	localities	with	












ation	 exposure,	 comparison	 of	 population	 sizes	 and	 health	 status	
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function	and	cellular	processes.	Additionally,	results	suggest	that	the	







Ron	 Chesser	 initiated	 the	 Chernobyl	 studies	 in	 1992.	 Students,	
faculty	 and	 Ukrainians	 contributed	 to	 collecting	 the	 bank	 voles	 at	
Chernobyl	necessary	for	this	study.	They	are	Ron	Van	Den	Bussche,	
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